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I. INTRODUCTION

Two XM65OE4, 8-inch projectiles instrumented with temperature
sensors and a telemetry package were fired as part of a yawsonde test
program at Yuma Proving Ground, Arizona (YPG) in June 1976. Both shell
were fired at 53" elevat4-- with rocket on, orp' from the M110 howitzer
at Zone 7 and the second --am the M11OAl at Zone 9. Temperature sensors
were mounted at the base of the warhead interior to measure the temperature
rise at the wall produced by the burning of the rocket motor. The
rocket motor ignites at about seven seconds after launch and burns for
about four seconds at temperatures of approximately 28000C. There was
some concern that the payload of the shell might experience adverse
heating effects.

The two temperature-instrumented rounds were also equipped with BRL
yawsondes and spinsondes to measure the yaw and spin histories of the
shell. This report describes temperature measurements as well as the
yaw and spin history for the round fired at Zone 7.

II. INSTRUMENTATION

Each XM650E4 projectile body was instrumented with nine temperature
gauges at five locations: two thermistor gauges at each of locations 1
through 4 and a thermocouple at location 5. Figure 1 is a sketch of
the XM65OE4 body, showing the surface to which the nine gauges were
attached. Figure 2 shows the relative orientations of the five locations.
Two thermistor gauges were used at locations 1 through 4 to provide
coverage for a wider range of temperatures. One thermistor at
each position gave accurate coverage from 20°C to about 120°C with
maximum sensitivity at 70°C. The other thermistor was set to measure
temperatures between 80°C and 1800C with maximum sensitivity at 140°C.
The thermocouple at position 5 could measure a temperature range from 0°

to 260°C.

A. Thermistor Gauges

The temperature gauges used at positions 1-4 consisted of 13-mil
diameter, glass-coated thermistor beads whose leads were soldered to a
thin, copper-clad, phenolic washer. This construction is shown in Figure
3a. A piece of tape was mounted on the bottom of the wafer and the
thermistor bead was attached to the sticky surface of the tape to
hold it while the bead's lead wires (1-mil diameter) were soldered to
contacts on the top surface of the washer. A heavier set of lead wires
were attached to these contacts in order to connect to the telemetry
package which was located away from the temperature gauges in the
shell. Two beads were attached in this manner to each washer. The
center of the phenolic washer was filled with a high-thermal-conductivity
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encapsulant to protect the thermistor during launch. The thermistor
fixtures were then put in molds and further potted, using an encapsulant
with a lower thermal conductivity. The resultant module is shown in
Figure 3. The thermistor fixture measures about 12mm in diameter and
about 25mm long, with the thermistor beads flush with the bottom
surface, insuring good thermal contact between the thermistor bead and the
metal surface to which it would be mounted.

The rear walls of the interior of the shell were spot-faced to a
depth of 1mm (0.040") at the locations and orientations shown in Figures
1 and 2. The thermistor modules were attached to the shell at these
locations, using a thin layer of the same high-thermal-conductivity
potting that directly surrounds the beads.

B. Thermocouple Gauge

The thermocouple located at position 5 was a commercial chromel-
constantan unit and was electrically compensated to 0*C. The thermo-
couple junction was encapsulated in a fixture similar to that for the
thermistors and mounted in a similar manner.

All of the thermistors and thermocouples were calibrated prior to
mounting into the shell. A typical resistance versus temperature cali-
bration is shown in Figure 4. Since the signals from thermocouples are
in the millivolt range, amplification was necessary. Figure 5 shows
a plot of the amplifier output versus temperature for the thermocouple.

C. Electronic Package

The thermistor gauges formed one-half of a voltage-divider network.
The circuit for a single position is shown in Figure 6. The resistors
RA and R were fixed resistors whose values were chosen so that voltage

VA would have the greatest change with temperature around 70%C while VB

would be most sensitive around 140*C. In this manner, a wide range of
temperature coverage at a particular location was achieved. A plot of
the voltage-temperature characteristics for the thermistor is shown
in Figure 7. The dashed lines show the area of greatest sensitivity
with temperature for each of the gauges at a given position.

The signals from the thermistor-voltage dividers and the thermocouple
amplifiers were sampled by an electronic commutator at the rate of 10
samples per second. Thus, a given temperature gauge was sampled every
0.1 second. The commutator output was made to frequency modulate a
70 kHz voltage-controlled oscillator (VCO) and was subsequently telemetered
to ground receiving stations via a radio-frequency oscillator located
in the nose of the ogive. A tracing of the commutator wave-form obtained
from one of the test rounds at Yuma is shown in Figure 8. The channel
assignments are indicated in the figure.
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A block diagram of the electronic package is shown in Figure 9 and a
sketch of the assembly of the shell is shown in Figure 10. The trans-
mitter, yawsonde, spinsonde, and all VCOs were located in the fuze
portion of the shell while the remainder of the electronic package and
the battery power supplies were located in the body of the shell.
Battery power and the commutator signals were sent to the telemetry
package in the nose via a connector-interface, as shown in the schematic
of Figure 10.

D. Trisonde Package

In addition to temperature instrumentation, each test projectile
was also equipped with a trisonde. Electronic and mechanical relation-
ship of the trisonde to the temperature gauges is shown in Figures 9
and 10. respectively. Trisondes were included in order to monitor spin
and yawing histories of the projectiles. A trisonde is the combination
of a spinsonde and a yawsonde each modulating a different VCO, as shown
in Figure 9.

A spinsonde consists of a single silicon solar cell that generates
a voltage whenever illuminated by the sun once every revolution of the
projectile. In order to minimize the contamination of spin data by the
projectile's yawing motion1 , the slit of the spinsonde is mounted parallel
to the shell's axis of symmetry.

The yawsonde consists of two silicon solar cells mounted behind
slits on the surface of the fuze contour2 . The voltages generated from
these silicon cells form a pulse train that is used to frequency
modulate a VCO. The sunsensor pulses are then amplified and transmitted
to the ground receiving stations through an FM/FM transmission link.
During this program, the output of the yawsonde VCO is multiplexed with
the outputs of the other two VCOs (temperature and spin) in a mixer
amplifier. Since the slits of a yawsonde are oriented at an angle rela-
tive to the shell's axis, the phasing of the sunsensor pulses are related to
the shell's yaw angle. This relationship had been determined during
the calibration of the unit. During the data analysis, the observed
phase relationship is converted to complementary solar aspect angles,
sigma-n, through the calibration data. (The complementary solar aspect
angle is defined as the angle between a normal to the shell's axis and
the vector from the sun to the shell.)

1. '. H. MArphy, "Effeot of Wre jHfgh-FivJquelwny Anp,:4tar Mot'on of Z
Sho~li on the Analyefe o 'f Tte Yawaotude S~oxip," Rzl~ietic K,'.4oai*:
&Tho\rator~ee dvnPrm.ndwo-i Re'port r581, Fe4bri 1.16 A:'V\,Jfi.

'.W. H. %feimkVz~n and Ws. H. Clay, "The Pwsitp: of o 5poonzd zto
Ynvonde,1" Bal Uetic' Rea.earoh .zutor:.*sa Arrun:dwu Re'por't 2e
Ar it 1974. AP 7800e4.
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III. FIRING CONDITIONS AND TEST RESULTS

The two Xt6SOE4 shell were fired with rocket on at Yuma Proving
Ground in June 1976. Table 1 summarizes the firing conditions of the
two rounds instrumented for temperature measurement.

Table 1. Firing Conditions For Two XM6SOE4 RA Projectiles
Instrumented With Temperature Gauges

Date BRL Tube Round Charge QE Weapon
No. No.

23 June 1976 1152 296 Z7 RA 950 mils MIlO
(Tube #7652)

24 June 1976 1151 840 Z9 RA 950 mils MIOAl
(Tube #27)

Both of the rounds were preconditioned to about 210 Centigrade before
firing.

The first round, TR 296, was fired on June 23 at Zone 7 and
an elevation of 950 mils out of the MllO weapon. This weapon has a
twist of I in 25. The transmitter and electronic package functioned
well. Tube round 840 was fired the following day at Zone 9 out
of the Ml1OAl weapon which has a twist of 1 in 20. Tube round 840
failed to transmit, and no data, temperature or yawsonde, were obtained.
Figures 11 and 12 are smear photographs of TR 296 and TR 840, respectively,,
taken as the shell exited the muzzle. Stripes had been painted on the
shell after they were assembled. It is clear from the smear photographs
that the ogives on both rounds had tightened during launch. However, the
photograph of TR 840 (the round with the higher velocity and higher twist)
shows that the ogive has tightened up considerably (approximately
150 of rotation). This degree of movement past the point to which it
was assembled probably caused the connector interface between the body
and fuze to fail, a possibility that would explain the lack of RF trans-
mission due to loss of battery power.

A. Temperature Data From TR 296

One frame of the commutated temperature data from TR 296 is
shown in Figure 8. The signals from the various gauges are identified in
the figure. Note that the signals from gauge A, position 1 and gauge B,
position 4 are at the 0.0 volt reference level. This indicates that the
thermistor gauges or lead wires for these gauges failed. The 50% level
(2.5 volt reference) would correspond to 70°C for the A gauges and to
about 140*C for the B gauges. A S-volt swing in voltage for the thermo-
couple would correspond to a 260°C swing in temperature. The S-volt

12



reference and the 2.5 volt reference are internal to the commutator. The
commutator was also used to monitor the two redundant batteries used to
power the telemetry package (battery voltage #1 and battery voltage #2)
and the 5-volt regulator used for the thermistor voltage divider
circuits (S volt reg.). The sample data frame shown in Figure 8 was
taken about mid-way in the flight of TR 296. The temperature in-
dicated by the signal levels from the gauges in the frame is about 22°C.
Table 2 gives a tabulation of temperature versus time from the A
gauges at positions 1, 2, and 4 and for the thermocouple at position S.
The results from the B thermistor gauges are not presented because
they are not very accurate for the low temperature indicated. These
results are plotted in Figure 13.

Table 2. Temperature Versus Time For TR 296

Time Temperature (°C)
(sec) Pos I Pos 2 Pos 4 Pos S (Thermocouple)

.1 23 24 24 --

1 21 22 24 2
5 22 22 23 28

10 22 23 24 28
i5 23 24 24 30
20 22 24 24 30
25 22 24 24 28
30 22 24 24 28
35 23 23 24 28
40 23 23 25 30
45 23 24 26 30
50 23 24 26 28
60 26 28 30 36
70 25 28 31 36
80 25 30 31 36
83.7 28 31 34 38

The estimated error of the temperature readings is about 3 to
4 degrees for the thermistors and about 5 to 6 degrees for the thermocouple.
The data indicate that the interior wall at the base of the shell remains
at or close to the preconditioned temperature for most of the flight,
with a slight increase in temperature towards the end of the flight.
The discrepancies in temperature between the thermistors and the
thermocouple may be due to the larger inaccuracies in the thermocouple
readings at these relatively low temperatures or may be due to a real
temperature distribution at the rear wall of the shell. AGC records
from the MPS-25 radar indicate that the rocket motor turned on at about
seven seconds after launch and burned for about four seconds. There
was no change observed in the wall temperature during the time the
rocket motor was on.

13



It should be noted that a static test was conducted by Picatinny
Arsenal on the XM65OE4 RA projectile. This test consisted of clamping the
shell onto a spin stand and igniting the rocket motor. The temperature of
the interior base wall was monitored by thermocouples. The results from
the static tests are not available at the writing of this report.

B. Trisonde Data From TR 296

The results of the trisonde data, the yawing and spin histories,
from TR 296 are shown in Figures 14 and 15, respectively. Since the
excessive rotation of the ogive for TR 840 had severed the power leads,
no trisonde data were obtained.

Figure 14 shows a plot of complementary solar aspect angle as a
function of flight time. The plot shows that the projectile initially
had a small bi-modal yawing motion. Both the nutational and the pre-
cessional components of the yawing motion appear to have damped by five
seconds into the flight. At ten seconds, when the rocket motor initiates,
the precessional component re-appears and, once more, quickly damps out.
Near the summit, between 40 and 45 seconds, both modes of the yawing motion
are quiescent. It is difficult to estimate whether the nutational mode
is also excited at the time of motor ignition due to the noise superimposed
on the yawsonde data. The large amplitude noise between 12 and 14 seconds
of flight is a characteristic of the yawsonde data obtained at YPG that
may be caused by the high noise-to-signal ratio of the transmitted data.
This high ratio is a result of the position of the receivers with respect
to the shell's trajectory.

Figure 15 shows a plot of spinsonde data as a function of flight
time, phi-dot vs time. Since the frequency of the spinsonde VCO was
higher than that for the yawsonde signal, distortions are minimized and
the plot is nearly free of noise with the exception of the 12-to-14-secon
section. During the first ten seconds of flight, the projectile shows
the expected monotonic reduction in the spin data. At ten seconds,
when the rocket motor ignites, there is a sudden change in the trend
of the spin curve. The value of phi-dot appears to remain constant
around 108 rev/sec during the rocket burn although termination of this
phase could not be determined due to the noise in the data. After the
rocket burn-out, around 14 seconds, the spin of the projectile resumes
its monotonic downward trend.*

*RecentZy, this spin behmaior has been observed for other rocket-assisted
projectiles. Appendix A contains some other examples.
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IV. SUM4ARY

Two 8-inch rocket-assisted XM6SOE4 projectiles were instrumented
to measure the interior temperature of the warhead cavity. One shell,
TR 296, was fired from the 1/2S-twist 4110 weapon at Zone 7 while the
second projectile, TR 840, was fired from the 1/20-twist MI1OAl weapon at
Zone 9. Both shell were launched with rocket on.

Due to high in-bore torque applied to the shell during the launch
from the MIlOAl weapon, the internal power leads of TR 840 were
broken. Therefore, no data were gathered for this round. TR 296
transmitted both temperature and flight data as discussed in the report.
The yawsonde results show a small bi-modal yawing motion that damps
early in the flight. For the rest of its trajectory, the shell has very
small yaw or no yaw at all. The spin data also indicate a normal behavior,
with a short segment, during rocket burn, where the spin has a constant
value.

The purpose of the temperature measurements was to determine the
effect of rocket burning on the internal temperature of the warhead.
Data from TR 296, Figure 13, indicate that there is approximately a
30-second time lag between the rocket ignition and initial rise in
bulkhead temperature. The temperature of the bulkhead appears to be
uniform, within the accuracy of the gauges, during the full flight.
At the time of impact, about 83.5 seconds of flight, all gauges show
about 8*C temperature rise to a final level of about 32*C.
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APPENDIX A. SAMPLE SPIN PLOTS FOR ROCKET ASSISTED PROJECTILES

Several additional examples of spin behavior for 8-inch rocket-
assisted projectiles are presented in Figures Al-A4 of this Appendix.
Test conditions for these rounds are iiven in Table Al.

TABLE Al. TEST CONDITIONS FOR SAMPLE 8-INCH ROCKET-ASSISTED
PROJECTILES FIRED FROM MllOAI WEAPON

Date BRL Tube Round Charge QE
Number Number

28 April 1977 1120 136* Z9 750 mils

29 April 1977 1164 150 Z9 RA 729 mils

2 May 1977 992 162 Z9 RA 550 mils

3 May 1977 1198 173 Z9 RA 650 mils

*This round is included as a baseline for comparison with live rocket

rounds.
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